Abstract: Near-infrared epsilon-near-zero metamaterial slabs based on Ag-Ge multilayers are experimentally demonstrated and numerically analyzed. A post-annealing process and multilayer grating structures are introduced to reduce the optical loss and also tune the epsilon-near-zero wavelength.
Introduction
Metamaterials are artificially engineered structures designed to achieve extraordinary electromagnetic properties that are not available with natural materials [1] [2] . Recently, epsilon-near-zero (ENZ) metamaterials have been studied to realize anomalous electromagnetic properties in microwave and optical frequency ranges such as supporting extremely large wavelength, possessing near-zero phase variation, and enhancing photonic density of states and optical nonlinearities. In this work, ENZ metamaterial slabs at near-infrared frequencies based on Ag-Ge multilayers are fabricated and characterized to study their unique optical properties and determine the ENZ wavelengths. The complex refractive indices and effective permittivities of the ENZ metamaterial slabs are examined from the measured optical spectra, numerical simulations and optical nonlocalities analysis. A rapid post-annealing process is used to decrease the absorption loss of ENZ metamaterial slabs, and grating structures are studied in order to enhance the optical transmission and also tune the ENZ wavelength. The demonstrated near-infrared ENZ multilayer metamaterial slabs will provide new opportunities in studying intriguing optical phenomena, such as electromagnetic energy tunneling [3], phase front shaping [4], optical nonlinearities enhancement [5] , spontaneous emission control [6] , and active metamaterials [7] .
Theory and fabrication
The Ag-Ge multilayer metamaterial slabs consist of 5 pairs of 15 nm Ag and 85 nm Ge evaporated on quartz substrates. Fig. 1(a) shows the schematic of Ag-Ge multilayer structures with layer permittivities of ε 1 , ε 2 and layer thicknesses of d 1 , d 2 , where 1 and 2 represent Ag and Ge respectively. Metal-dielectric multilayer structures have strong optical nonlocalities, where the permittivity components are functions of both frequencies and wave vectors. For TM polarized light at normal incidence with ݇ ‫ݕ‬ ൌ 0, the effective permittivity can be solved from the transfer matrix method as
where k 0 is the wave vector in free space. Fig. 1(b) shows a scanning electron microscope (SEM) picture of the cross section of the Ag-Ge multilayer metamaterial slabs deposited by electron-beam evaporation.
Experimental results and analysis
In order to characterize the optical properties of the fabricated ENZ metamaterial slabs, optical transmission (T) and reflection (R) spectra are measured with a Fourier transform infrared spectroscopy (FTIR) microscope. Fig.  2(a) plots the measured T, R and A spectra for the metamaterial slab, together with the finite element method (FEM) simulation results. Fig. 2(b) gives the complex refractive indices (n + ik) determined from the measured spectra using the approximated incoherent interference approach [8] , simulation retrieve algorithm [9] and the nonlocal dispersion relation described in equation (1) . Fig. 2(c) gives the effective permittivity according to the above three methods. The location of the ENZ wavelength where Re൫ߝ ௬ ୣ ൯ ൌ 0 is determined at 1.635 µm.
Furthermore, the multilayer metamaterial slab is treated with a 3 minutes annealing treatment at 180 °C . The absorption loss can be reduced with a lower k value shown in Fig. 2(d) . In order to enhance the optical transmission and also tune the ENZ wavelength, grating structures were fabricated with focused ion beam (FIB) along the y direction on the multilayer metamaterial slabs. Fig. 3(a) plots the FTIR measured optical absorption spectra for the multilayer grating structures with a period of 500 nm and different duty cycles. As the duty cycle gets smaller, lower absorption are achieved due to the larger filling ratio of air. Fig. 3(b) shows that the ENZ wavelength where Reሺߝ ௬ ୣ ሻ ൌ 0 is red shifted as the duty cycle gets smaller. The ENZ wavelengths for the duty cycles of 100%, 70%, 50% and 30% are 1.635 µm, 1.640 µm, 1.658 µm, 1.715 µm. Fig. 3(c) shows a SEM picture for the fabricated grating structure with 50% duty cycle.
Conclusion
Ag-Ge multilayer ENZ metamaterial slabs at near-infrared frequencies have been experimentally demonstrated. The complex refractive indices and the effective permittivities of the multilayer metamaterial slabs are determined from the measured T and R spectra, which match the retrieved values from numerical simulations and the results obtained from optical nonlocalities analysis. Moreover, a rapid post-annealing process is used to decrease the optical absorption of multilayer metamaterial slabs. Furthermore, multilayer grating structures are introduced to reduce the optical loss and also tune the location of the ENZ wavelength.
